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INTRODUCTION
In order to develop corrosion-and wear-resistant surfaces, two processes, laser surface alloying and laser surface cladding, were used. They are discussed in turn.
Key Words: corrosion, friction, wear, ferrous alloys.
LASER SURFACE ALLOYING (LSA)
Laser surface alloying is a process in which the surface of a workpiece is melted to a desired depth using the laser beam with the simultaneous addition of powdered alloying elements. This leads to a rapid method of localized alloy synthesis. In this process, since alloying elements diffuse in a thin liquid layer by convection, it is feasible to obtain the required depth of alloying in small time intervals (typically 0.1 to 10 ms). Thus, a desired alloy composition can be generated in situ on given substrate surfaces. The alloy composition will govern microstructure, and laser-processing conditions (cooling rates) will govern the degree of microstructural refinement. Depending upon the choice of alloy design or development at the surface, a less expensive base material such as AISI 1016 steel can be locally modified to increase the resistance to wear, erosion, corrosion, and high-temperature oxidation. Only those surfaces locally modified will possess properties characteristic of high-performance alloys. Using this technique, Fe-Cr-Ni surface alloys have been developed for corrosion resistance and Fe-CrMn-C alloys for wear resistance. The experimental procedures, the surface properties, and microstructure developed during laser surface alloying are discussed below.
Experimental Procedure
The experimental apparatus for laser surface alloying and cladding consists of two units working simultaneously, the laser and powder delivery. The laser system, first unit, produces a beam that interacts with the substrate and powder to form an alloy. The LSA was carried out using an AVCO HPL 10 kW continuous-wave C0 2 laser with F7 casegrain optics as shown in Fig. 1 . The laser was operated at a TEM*, mode. The beam produced by the casegrain optics was focused downward towards the substrate by a flat mirror. The LSA Laser optics and powder delivery system.
was done with typically a 2 mm beam diameter. Powder delivery system, the second unit, -delivers powders to the substrate. Commercially available Cr and Ni powder (2 μηι diameter) in the different ratios was used as mixed powder feed for laser surface alloying. The powder was delivered at the point of laser material interaction. The powder flow was regulated by varying the speed and changing the size of the feed screw. Argon gas with a flow rate of 0.017 lb/s was used to maintain a steady powder flow through the copper tubing leading to the substrate. A shielding of argon or helium gas with a shielding box was used to minimize surface contamination during laser processing.
The laser was operated at power densities up to 10 6 W/cm 2 . The substrate was traversed relative to the laser beam at speeds up to 3 cm/sec. The final composition of the LSA region depends upon the processing conditions such as laser power, size and shape of the laser beam, scan velocity, composition of the premixed powder and powder feed rate. The average composition of the Fe-Ni-Cr alloy as the function of laser power speed and feed rate is given in Table 1 . The corrosion samples were made from the LSA region. TEM samples were also made from the alloyed zone adjacent to the corrosion sample. Corrosion tests were carried out using standard potentiostate/galvanostate technique using 3.5 percent sodium chloride solution in distilled water.
Results and Discussion
The laser-alloyed samples passivated spontaneously (Figs. 2 and 3) in 3.5 percent NaCl solution and had a current density in the passive state about the same or less than that recorded for 304 grade stainless steel (0.12 iiiA/cm 2 ). The corrosion potential and pitting potential for some samples were more active than that recorded for 304 stainless steel (see Fig. 2 ). However, some samples have better corrosion resistance than 304 stainless (see Corrosion results imply that the alloys were mechanically and metallurgically sound and the process was reproducible. There were no cracks through which the salt solution could corrode the base material directly. Also, the alloys had sufficient amounts of Cr and Ni in solution for them to spontaneously passivate and show good corrosion resistance. The samples were tested in the as-processed condition. As most samples had surface pitates were observed at grain boundaries (Fig.   4) . A BCC structure with a highly dislocated lath microstructure was commonly seen (Fig. 5) . Diffraction patterns for these foils did not show any orientation relationships between the laths. These observations are generally characteristic of low carbon steel quenched structures. The presence of preferred orientation was seen in another foil, while several other foils also showed the presence of microcrystalline areas. In addition to this, featureless amorphous regions were also seen in a LAZ made at 8 X 10 5 W/cm 2 and a traverse of 50 mm/s.
The observed microstructures are a function of both composition and cooling rate. With a suitable composition, amorphous materials can be made at fairly modest cooling rates (up to a few million degrees per second). Cooling rates increase as solidification proceeds towards the surface and, as seen here, amorphous material is expected at the top rather than the bottom of the pool. With the large amounts of Cr in solution and the 0.16 percent carbon in the base materials, precipitation of Cr-rich precipitates is possible at grain boundaries. The sample showing lath structure but lack of orientation relationship between laths had about 12 percent by weight of Cr (Fig. 5) . It must have passed through the γ α region, and the lack of orientation relationship probably means the laths were separated by low-angle boundaries. The commonly seen large dislocation density in the foils is to be expected in rapidly solidified steels. Large grains high in Cr, Fe-Cr alloys could occur if they formed at high temperature during solidification. There are no solid-state transformations that could occur at high cooling rates to refine the microstructure and the large grains would be retained at room temperature. This would also explain the lack of segregation and the resultant difficulty in developing the microstructure during etching.
It is worth noting that alloys with 58 percent Cr, 26 percent Ni were produced. Not only would such alloys have good oxidation resistance at elevated temperatures, but their susceptibility to Cr depletion at grain boundaries would be lower, as there is plenty of Cr within the bulk of the grain to diffuse to the grain boundaiy and compensate for Cr depletion.
LASER SURFACE CLADDING (LSC)
Laser surface cladding is a process where the powders of different compositions are delivered into the laser-generated thin melt pool of the substrate and the powders are also melted by the laser.
A thin layer of cladded alloy is formed with a different chemistry from the substrate. The main objective of the laser cladding process is to clad a substrate with another material with a different chemistry by melting a thin interfacial layer to produce a metallurgical bond with minimum dilution of the clad layer and to provide good surface wear and the corrosion properties.
There is continuous demand and challenging opportunities towards the development of wear, friction, and corrosion-resistant -coatings for many industries. In response to this challenge, laser-cladding process was exploited. To achieve better wear and friction properties, the laser cladding was focused on the development of Fe-Cr-Mn-C systems. The wear and friction properties and microstructure development during laser surface cladding are discussed below.
Experimental Procedure
AISI 1016 steel was used as a substrate. Cr, Μη, and C powders in the ratio of 10:1:1 were used as mixed powder for cladding. Cladding was carried out by AVCO HPL 10 kW cw C0 2 laser with F7 casegrain optics. The laser was operated at approximately 3 and 5 kW with a defocused beam of 2 mm diameter. Specimens were traversed relative to the laser beam at a speed of approximately 0.6 and 5 cm/s.
Results and Discussion
The preliminary friction and wear results for LSC are averaged and plotted in Fig. 6 as better results are obtained with the laser power at 4 kW than at 6 kW. These findings are not surprising considering the more rapid solidification rates obtained when using 4 kW. This is because at 4 kW a smaller volume is melted compared to a power of 6 kW and, therefore, the substrate can self quench the melted zone at a faster rate. Also, smaller volume means higher concentration of alloying elements leading to a higher proportion of alloy carbides which in turn produces better wear resistance. increased up to 50 percent and it also depends upon the laser processing conditions (Fig. 9) . The volume fraction of these phases could be further controlled by the laser processing conditions as Fe-Cr-Mn-C alloy. Therefore, microstructure is discussed in detail in the section on cladding.
CONCLUDING REMARKS
It is evident from the above discussion on laser alloying and cladding that novel alloys can be synthesized on metal surfaces with relative ease. These alloys are not confined by equilibrium thermodynamics. Thus, this provides an enormous opportunity to engineer the microstructure to specific needs.
